Poly(styrene)-block-poly(dimethylsiloxane) (PS-b-PDMS) is an excellent block copolymer (BCP) system for self-assembly and inorganic template fabrication because of its high FloryHuggins parameter (χ ~0.26) at room temperature in comparison to other block copolymers, and high selective etch contrast between PS and PDMS block for nanopatterning. In this work, selfassembly in PS-b-PDMS BCP is achieved by combining hydroxyl-terminated poly(dimethylsiloxane) (PDMS-OH) brush surfaces with solvent vapor annealing. As an alternative to standard brush chemistry, we report a simple method based on the use of surfaces functionalized with silane-based self-assembled monolayers (SAMs). A solution-based approach to SAM formation was adopted in this investigation. The influence of the SAM-modified surfaces upon BCP films was compared with polymer brush-based surfaces. The cylinder forming PS-b-PDMS BCP and PDMS-OH polymer brush were synthesized by sequential living anionic polymerization. It was observed that silane SAMs provided the appropriate surface chemistry which, when combined with solvent annealing, led to microphase segregation in the BCP. It was also demonstrated that orientation of the PDMS cylinders may be controlled by judicious choice of the appropriate silane. The PDMS patterns were successfully used as an onchip etch mask to transfer the BCP pattern to underlying silicon substrate with sub-25 nm silicon nanoscale features. This alternative SAM/BCP approach to nanopattern formation shows promising results, pertinent in the field of nanotechnology, and with much potential for application, such as in the fabrication of nanoimprint lithography stamps, nanofluidic devices or in narrow and multilevel interconnected lines.
1.

Introduction
Semiconductor device performance has been subject to continuing improvements over the years (i.e. Moore's Law [1] ), largely due to a reduction of device dimensions as a consequence of improving resolution limits of UV lithographic processes used in device fabrication.
Advancements in such technology have now seen device fabrication possible with feature sizes approaching sub-10 nm resolution [2] . However, in addition to the continuing goal of realizing further reductions in device dimensions, additional challenges are also presented such as achieving device fabrication with ultra-high precision (structural regularity and position relative to defined locations and directions), for the manufacture of logic and memory circuitry [3] .
Various alternative "top-down" methodologies to device fabrication are currently being examined, which might allow silicon-based devices to reach their ultimate feature size and performance [3] , [4] , [5] , [6] , [7] . However, in parallel to the physical engineering of substrate features, "bottom-up" approaches, based on hierarchical self-assembly of structures ranging from molecular building blocks through to nanoparticles and macromolecular structures, are also the subject of intense research [8] . Both approaches are recognized to present different advantages and drawbacks to device fabrication. In "top-down" methodologies for example, further progress is critically related to several issues including source design, material interactions and thermal management [9] , [10] . On the other hand, it is highly challenging to achieve long-range translational order and robustness of systems fabricated with "bottom-up" approaches [11] , [12] , [13] , [14] .
Block copolymer (BCP) lithography is a "bottom-up" process that relies upon microphase separation within thin films of the BCP. This approach holds much promise for the fabrication of nanopatterns with sub-10 nm scale features, in addition to offering potential for integration into existing manufacturing processes [15] , [16] , [17] . BCP nanolithographic methods have already been demonstrated for application in the fabrication of nanowires [18] , magnetic arrays [19] , and nanoporous membranes [20] . BCP self-assembly offers significant control over pattern dimension, orientation and structure through the variation of the molecular weight (Mw), relative volume fraction (ɸ) and the segmental interaction parameter (χ). High χ BCPs possessing a low Mw enable access to small feature sizes as well as lower line edge roughness that are pertinent for nanolithographic patterning [17] . BCPs allow the formation of a number of different morphological structures viz., lamellar, cylindrical, spherical, gyroidal, [21] .
BCPs containing inorganic components, e.g. poly(dimethylsiloxane) (PDMS), are particularly useful because they can be processed to directly yield an oxide nanostructure without the need for any selective polymer chemistry [22] , [23] , [24] , [25] , [26] , [27] . The PS-b-PDMS BCP system has particular relevance because of its high Flory-Huggins parameter (χ ~0.26) [28] .
However, the two major issues that arise in the PS-b-PDMS system viz., (i) strong surface dewetting due to the high hydrophobicity of the BCPs, leading to multilayer formation, and (ii) poor control over microdomain orientation, particularly for definition of parallel versus vertical cylinder alignment. A surface pre-treatment with a hydroxyl-terminated poly(dimethylsiloxane) (PDMS-OH) homopolymer brush has typically been used previously to overcome these limitation [24] . However, the use of a PDMS-OH brush can present further problems for pattern transfer into the underlying substrate. For example, the PDMS-OH brush modification produces a PDMS layer at the substrate-polymer (BCP) interface, which effectively increases the thickness of the passive silica layer at the substrate surface. The presence of this layer subsequently impedes the effectiveness of any selective Si:SiO 2 etch chemistry used for pattern transfer [29] .
Despite such drawbacks being recognized to arise with the use of PDMS-OH brushes, alternative approaches to substrate functionalization which similarly facilitate improved wetting behaviour of the BCP films and thin PDMS layer formation at the interface, remain scarce [22] , [30] , [31] , [32] . One should note a recent report on the use of a PS-blockpoly(dimethylsiloxane-random-vinylmethylsiloxane) (PS-b-P(DMS-r-VMS)) BCP that was processed on a PMMA-OH brush without any dewetting issues to form excellent line patterns after rapid thermal annealing [33] .
Herein, we report the functionalization of substrate surfaces with self-assembled monolayers (SAMs) of silane-based compounds, upon which high levels of wetting and orientation control were afforded over a cylindrical phase forming PS-b-PDMS BCP system. The effectiveness of the SAM approach to surface modification was compared to the more conventional PDMS-OH polymer brush systems that have typically been used in conjunction with this BCP. The potential utility of this SAM-based approach has also been highlighted through demonstrating that PS-b-PDMS nanopatterns can be used to create nanoscale silicon patterns with excellent uniformity.
EXPERIMENTAL SECTION
Polymer Synthesis
The h. This allows the end-functional hydroxyl groups of the polymer brush to diffuse through the deposited brush layer and react with the silicon native oxide layer, resulting in polymer chain brushes covalently anchored to the substrate. Unbound PDMS-OH polymer was removed by ultrasonication (Cole-Palmer 8891 sonicator) and rinsing in toluene, followed by drying for 30 min at 333 K in an ambient atmosphere to remove any residual toluene.
Surface Functionalization with Silane SAMs
SAMs of octadecylsiloxane (OTS) or octadecyl(dimethyl)siloxane (ODS) were prepared upon the piranha activated silicon substrates (see above) through treatment in a 1.0 mM solutions of octadecyltrichlorosilane or octadecyl(dimethyl)chlorosilane in toluene, for 24 h, respectively.
The silane solutions and subsequent deposition onto silicon substrates were carried out in a glove box. The substrates were subsequently sonicated successively in 3 volumes of toluene, for 15 min in each, followed by sonication in 3 successive volumes of hexane, for 15 min in each.
BCP Thin Films Preparation and Solvent Anneal
Thin films of PS-b-PDMS were prepared by depositing a dilute solution (1.0 wt. %) of the BCP in toluene onto functionalized silicon substrates by spin coating (3200 rpm and 30 s). As-cast thin films were solvent annealed in glass jars under a saturated toluene environment at room temperature (~288 K) for 3 h. Samples were removed from the glass jars after the desired anneal time and the trapped solvent allowed to evaporate at ambient conditions.
Plasma Etching of PS-b-PDMS Films and Pattern Transfer
Following BCP film formation, atomic force microscopy cannot readily identify the microphase separated structure of the film due to the presence of a surface wetting layer of PDMS. This is required to be removed in order to reveal the BCP arrangement [22] , [27] , [34] , [35] , [36] . To achieve this, an etch process (ETCH1) was developed. This etch was one component of a multi- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with a helium backside cooling pressure of 666.6 Pa. These steps follow a similar methodology developed by Jung and Ross [27] . The process removes the PS component and generates an oxidized form of PDMS on the substrate.
The oxidized PDMS cylinders were subsequently used as an etch mask for pattern transfer (i.e., ETCH2). This second processing methodology involves a CHF 3 (80 sccm) and Ar (30 sccm) plasma etch for 5 s with an ICP (400 W) and RIE (30 W) at 1.6 Pa to remove any residual PDMS wetting layer at the substrate surface. This milder etch treatment is critical and required careful optimization. It is used to remove passive silica and any PDMS components at the silicon substrate surface without removing the 'etch mask' formed by the oxidized PDMS cylinders. 
Characterization of Materials
Contact Angle: Static contact angles of NANOpure® water were measured on SAM/PDMS-OH functionalized silicon substrates at ambient temperature using a CAM101 goniometer system (KSV Instruments Ltd.). Contact angles were again measured on the opposite edges of at least three drops and averaged. 
RESULTS AND DISCUSSION
Effect of PDMS-OH Brush on BCP Self-assembly
The PS-b-PDMS BCP used in the study possess a total molecular weight of 70 kg mol -1 and a volume fraction of the PS block of 72%. As mentioned earlier and in the Supporting Information, this BCP shows a thermodynamic equilibrium structure of cylindrical PDMS domains in a PS matrix. In order to promote parallel alignment of PDMS cylinders in cylinder-forming PS-b-PDMS BCP, the substrate are commonly functionalized with a hydroxyl-terminated PDMS homopolymer brush [22] , [27] , [34] , [35] , [36] . This approach was employed in the studies described here, with silicon substrates functionalized with a PDMS-OH brush layer ~ 4.3 nm in thickness, as determined by ellipsometry. The PDMS-OH brush layer facilitates self-assembly in PS-b-PDMS with a wetting PDMS layer on the surface and bottom of the patterns, similar to previously reported examples [22] , [27] , [34] , [35] , [36] . An etch process was required to remove this surface PDMS wetting layer and allow the underlying BCP arrangement to be observed.
This was achieved using an etch methodology previously reported by Jung and Ross [27] . This 
Substrate Functionalization with Silanes
Substrate functionalization based around self-assembled monolayers (SAMs) of silane compounds is explored here as an alternative to the more conventional PDMS-OH polymer brush method previously discussed. The use of silane SAMs in place of polymer brushes offer several advantages including their lower cost, and ease of preparation in comparison to the more tedious processes involved in polymer brush grafting. In addition, the use of silane SAMs may avoid the formation of thick PDMS wetting layers at the polymer-substrate interface, which typically results when using PDMS polymer brush surfaces due to the favorable PDMS (brush) -PDMS (BCP) interactions [34] , [35] , [36] . supporting evidence that the SAM architectures are highly regular, and result in homogenous functionalization of the silicon substrate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 OTS modified silicon substrates were determined to be ~ 94 o (mean = 94.3°, stand. dev. = 0.7°) and ~ 114 o (mean = 113.8°, stand. dev. = 0.4), respectively. In the case of the OTS SAMs, this proves to be consistent with typical literature values for well-ordered, densely-packed OTS SAMs [37] . It should also be noted that this value is similar to the water contact angles measured upon the PDMS-OH brush surfaces, indicating the OTS SAM will provide similar conditions as the PDMS-OH brush surfaces for PS-b-PDMS self-assembly. In the case of the ODS SAMs, the lower contact angle values observed can be explained by the presence of the two methyl groups attached to the "Si" in the "headgroups" of the SAMs constituent silane molecules. The presence of these groups sterically hinder the packing of the silane molecules, leading to a less densely packed monolayer in comparison to the OTS SAMs. The contact angles associated with the ODS SAMs also represent a surface that is less hydrophobic in comparison to the PDMS-OH brush surfaces.
Monolayer region
BCP Self-assembly on ODS/OTS Functionalized Surfaces
Self-assembly of PS-b-PDMS BCP was studied on planar silicon substrates modified with silane
SAMs by solvent annealing of the BCP film. SEM images of the resulting BCP arrangements on the respective SAM-modified substrates are shown in Figure 3 . SAM modification of the silicon substrates was found to result in substantial improvements in the wetting behavior of the BCP compared to the use of PDMS-OH brush surfaces, with > 90 % coverage observed, along with uniform film thickness. In comparison, the PDMS-OH polymer surfaces result in BCP surface coverages of ~ 60 %, i.e. significantly more dewetting of the BCP takes place due to high hydrophobicity of the brush surface.
The low resolution large area SEM images in Figure 3 for ODS and OTS coated substrates provide direct evidence of superior BCP coverage. Further, the optical images shown in figure 3 reveal that unlike the BCP film on PDMS-OH brush coated substrates, the level of dewetting is minimized when using silane functionalized substrates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 look at the BCP patterns on the ODS SAM surface reveals the formation of a variety of line and sphere morphologies which includes hexagonal sphere patterns, hexagonally packed cylinders and mixed overlying cylinders on sphere patterns. These morphologies may be the result of variation of BCP film thickness on ODS surface after solvent vapor annealing. One must also consider that the resulting morphologies observed on ODS material are due to non-ideal surface wetting of the BCP since such mixed features were not observed on PDMS-OH or OTS SAM layers after identical solvent vapor annealing conditions. The mean PDMS L 0 and line width <d> are found to be ~63.5 nm and ~31.8 nm, respectively, similar to the PDMS-OH brush coated surfaces. For the spherical morphology, the periodicity and the PDMS sphere dimension have been found to be ~79.4 nm and ~35.2 nm, respectively. Formation of a spherical morphology in the thin film could be due to the constraints of the film thickness or solvent effects during the casting/anneal process [37] . Here it should be noted that a PDMS cylindrical pattern in PS matrix is the thermodynamic equilibrium structure for this BCP. Hsieh et al [38] observed a similar spherical morphology for a cylinder-forming PS-b-PDMS and concluded that formation of the spherical structure is principally driven by solvent effects during the formation process. When using toluene (solubility parameter, δ Toluene ~18.2 (J cm -3 ) 1/2 ) as the solvent during the solvent anneal process for example, the toluene is a better solvent for PS (δ PS ~18.6 (J cm -3 ) 1/2 ) in comparison to PDMS (δ PDMS ~15.4 (J cm -3 ) 1/2 ), and hence preferentially swells the PS blocks, driving the formation of PS sphere structures during the casting/annealing process [39] , [40] . It should be noted that the PS volume fraction gradually decreases toward its original bulk state composition during solvent evaporation and at the same time the PS glass transition temperature gradually increases with the decrease in solvent concentration. This results in freezing the phase structure as the solvent swollen PS glass transition temperature (T g PS ) reaches ambient temperature [41] , and forces the system to deviate from adopting the thermodynamic equilibrium lamellar morphology. It can be seen from the SEM data ( figure 3 ) that despite the improvement in terms of the BCP wetting (compared to the PDMS-OH brush surfaces), the in-plane PDMS cylinders have similar degree of alignment and correlation lengths in both ODS and OTS surfaces. The disordered structures observed in ODS surface could be the result of the strong interaction between the minority PDMS block and the native SiO 2 layer on the silicon substrate, and poor diffusivity of PDMS onto ODS surface. It should be noted further that both the SAM and the PDMS block of BCP are silicon containing entities, and therefore, it is highly likely that 
Pattern Transfer of PDMS Domains to Silicon Substrate
The effectiveness of the cylinder-forming PS-b-PDMS system for use as part of a nanofabrication process for generating topographic patterns within silicon substrates was demonstrated by subjecting the BCP films to a plasma etch procedure (ETCH 2). The pattern transfer of PS-b-PDMS BCP to the underlying substrate support required a more intricate set of etch protocols compared to other well-established polymer systems e.g., PS-b-PMMA [29] , [42] , [43] , [44] . This is because of the complex morphology of the PS-b-PDMS BCP selfassembled patterns, i.e. the PDMS domains, aligned either parallel or perpendicular to the substrate surface in a PS matrix, are encased underneath wetting PDMS layers, which form at both the polymer (BCP)-air and substrate-polymer (BCP) interface.
The sequential pattern transfer process involves initial sequential CF 4 and O 2 plasma etches to remove the upper wetting PDMS layer and the PS matrix as well as oxidize the PDMS cylinders (ETCH1). This results in the PDMS patterns forming silica-type structures which can be subsequently utilized as a hard mask [17] , [45] , [46] . It should be noted that during the O 2 etch, special care is required in order to minimize the undercut of the PDMS cylinders which can lead to poor quality pattern transfer. The patterns produced by the ETCH1 process were then treated with a CHF 3 and Ar plasma for 5 s in order to remove silica at the substrate surface and expose elemental silicon.
This is a crucial process as an over-etch can compromise the integrity of the silica structures produced from the PDMS patterns. The silicon etch is performed for 20 s with CHF 3 and SF 6 gases to transfer the final BCP-derived pattern into the substrate (ETCH2). This is followed by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the initial oxidized PDMS cylinders, attributed to a partly isotropic etch process. It should be noted that the effect of the surface modifying agent (i.e., PDMS-OH and silane) on the silicon nanostructures is difficult to quantify based on the SEM and FIB (top-down and cross-section) images. The spherical PDMS structures obtained on ODS functionalized silicon substrates produced silicon nanopillars upon pattern transfer, with a lateral width and height of ∼ 23.4 nm and ∼ 48.7 nm, respectively. The silicon nanopillars show good fidelity and aspect ratio (~ 2), though were slightly narrower in width compared to the initial oxidized PDMS spheres due to a partly isotropic etch process as mentioned above. We observed a higher depth profile for the silicon nanopillars due to greater etch resistance of the PDMS spheres, owing to their diameter.
This etching method, though complex, proved highly effective for efficient transfer of the PS-b-PDMS patterns into the underlying silicon substrate.
CONCLUSIONS
We demonstrate here the self-assembly of a synthesized cylinder-forming PS-b-PDMS block copolymer on silicon substrates functionalized with silanes as an alternative to standard PDMS-OH polymer brush. The silane functionalized surfaces have shown advantages of tuning the surface properties to improve the wetting property of the BCP and pattern orientation/alignment.
While the SAM materials can be prepared in a more facile manner to brush polymers to allow excellent BCP orientation as demonstrated herein, reducing the rather lengthy time for deposition of SAM layers for BCP use deserves further examination. Overall, the effectiveness of the approach is demonstrated by transferring the PDMS cylindrical and spherical patterns to underlying silicon by a complex etching processes developed in our group for generating nanoscale silicon substrate patterns. The method showed promise in guiding self-assembly and subsequent pattern transfer for nanofabrication industry.
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